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ABSTRACT
Investigation of Phosphines as Potential Host Materials in Blue Dye Doped Organic Light
Emitting Devices
by
M. Aruni DeSilva
Dr. Linda S. Sapochak, Dr. Byron L. Bennett, Examination Committee Co-Chair
Assistant Professor of Chemistry 
University of Nevada, Las Vegas.
Currently, the most efficient organic light emitting devices (OLEDs) are based on 
dye-doped OLEDs. The major obstacle has been developing a host material for blue 
OLEDs that has sufficiently high energy of emission (<380nm) to facilitate energy 
transfer to the dye. Previous studies of bis(diphenylphosphino)-E-Stilbene (P-STIL) 
suggested that tertiary aromatic diphosphines (TAPs) may be suitable candidates. 
Therefore, the P-containing materials, 4,4 ’ -bis(naphthylphenylphosphino)biphenyl (a-P- 
NPD) and 4,4’-bis(diphenylphosphino)biphenyl (P-DDB) were synthesized and the 
photophysical properties were evaluated and compared to P-STIL. The TAPs were shown 
to he sensitive to air oxidation both in solution and the solid state and that the origin of 
the high energy emission of P-STIL was from the oxide. Furthermore, all TAPs were 
shown to exhibit dual emission, which may result from different structural geometries 
about the P-atom in the excited state. Theses studies conclusively demonstrate that TAPs 
are not suitable as host materials fro blue dye-doped OLEDs, but the fully oxidized 
materials, which are more stable and emit at higher energy may be better candidates.
Ill
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CHAPTER 1
INTRODUCTION
1.1 Display Technology Based on Organic Electroluminscence 
The need for lightweight, low-power, better vision and portable handling consumer 
products has pushed the display industry to re-visit current flat panel display 
technologies. As a result, organic light emitting devices (OLEDs) based on organic 
electroluminescence have emerged after - 1 5  years of development. OLED technology 
has been successfully applied to small display applications, such as cellular phones, 
digital cameras and car audio system, which currently can he found in the market. When 
the technology is fully matured, it is envisioned to meet the needs of demanding 
applications such as e-books, identity management cards, hand-held mobile imaging 
devices, etc. At the current rate of research and development, this technology could be 
used to make screens large enough for laptop and desktop computers, even to create wall- 
size video panel. ^
Electroluminescence from organic materials was first achieved in the 1960’s at New 
York University by Pope et al applied a very large voltage (-1000 V) across a crystal of 
anthracene, which produced blue light.^ Organic materials are typically characterized as 
insulators, but upon the application of a high electric field, charge carriers can be injected 
and forced to move through the material. However due to high operating voltage and low
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
efficiency, this phenomenon did not attract much attention for another two decades. In 
1987 Tang and VanSlyke at Eastman Kodak Corporation made a breakthrough by 
reporting the first efficient OLED (1% external quantum efficiency) with a low operating 
voltage (-5.5 V).^ This was accomplished by utilizing very thin (-500 Â) layers, formed 
by thermal evaporation, of two organic materials, which preferentially transported 
different types of charge carriers. Thus, lower voltages and better charge confinement 
leading to more efficient electroluminescence was accomplished.
ETL
HTL
ITO
Glass substrate
 <-----  Mg-Ag (Cathode)
4 -----  Electron transport layer
 <-----  Hole transport layer
 <-----  Indium Tin Oxide
Figure 1.1 Schematic of the bilayer device structure introduced by Kodak researchers
resulting in the first efficient OLED.
The device structure developed by Kodak researchers is shown in Figure 1.1 and was 
constructed on an indium-tin oxide (ITO) coated glass substrate, which served as a 
transparent anode. Two organic layers, one that preferentially transports “holes” followed 
by an organic material that preferentially transports “electrons” were deposited by 
thermal evaporation on this substrate. Finally, a metal cathode composed of a low work 
function alloy (i.e., Mg/Ag) was deposited to complete the device structure. A few years 
later, Kodak researchers showed that light output efficiencies and higher device stabilities
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
could be achieved by doping a small amount of a highly fluorescent dye in the organic 
electron transporting layer/ These types of device structures became the state-of-the-art 
design for the advancement of this technology and subsequent development of displays 
found in the marketplace.
1.2 Mechanism of Organic Electroluminescence 
The proposed mechanism of organic electroluminescence (EL) is shown in Figure 1.2 
Upon application of an applied voltage, electrons are injected from the cathode into the 
organic electron transporting layer (ETL). In chemical terminology, the material is 
reduced, forming a radical anion and through successive reduction steps this charge 
carrier, the “electron” moves under the influence of the applied field towards the opposite 
electrode (anode). Simultaneously, electrons are removed from the other organic layer, 
the hole transporting layer (HTL), forming radical cations, where upon successive 
oxidation steps, the charge carrier, or “hole” moves towards the cathode. The electrons 
and holes interact at the ETL/HTL interface to form a molecular excited state called an 
exciton, which relaxes to give the light emission. The site of relaxation dictates the color 
of EL emission, which ranges from blue through the visible to near infrared.^ This excited 
state or exciton promoted by the applied potential is believed to be similar to the excited 
state generated by photoexcitation, because the energies of photoluminescence and 
electroluminescence are essentially identical. The light emission will be characteristic of 
the organic material that has lower energy absorption and emission energy. In the case of 
Kodak’s device, green emission from the ETL material, aluminum tris(8-
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
hydroxyquinoline) (Alqs) occurs and a higher energy emitter, a tertiary aromatic amine 
(TTA) was used for the HTL.^ The structures of these materials are shown in Figure 1.3
Reduction
Light + H eat+...
o
Cathode
Injection o f  electron 
(Reduction)
ETL/Eraitter <
Electron
exciton
HTL
Injection o f hole 
(Oxidation) Anode Oxidation Hole
Light
G I'
© 
Exciton
relaxation
O"
Figure 1.2. Proposed mechanism of organic electroluminescence.
(b)
Figure 1.3. Structures of the (a) ETL (Alqa) and (b) HTL (TTA) materials used in the 
first efficient OLED reported by Kodak researchers.
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The mechanism in dye-doped OLEDs is similar except a highly fluorescent or 
phosphorescent dye is “doped” or mixed with host material that acts as the charge 
transporting component of the composite film. The emission energy of the host material 
is designed to overlap with the absorption energy of the doped dye so that energy is 
transferred to the dopant resulting in light emission only from the lower energy dye 
m o l e c u l e . H i g h e r  efficiencies are achieved because the charge transporting and 
luminescent efficiencies are decoupled. In other words the emitter material can be 
optimized for PL efficiency and the host can be optimized for charge transport efficiency, 
where many times these two properties are difficult to optimize simultaneously in the 
same material. The stabilities of the devices are improved because the composite film 
prevents crystallization of the organic layers caused by joule heating during device 
operation, which is believed to be a major contributor to poor device reliabilities in 
OLEDs.^'°
Dye-doped OLEDs have been optimized for green electroluminescence, but more 
difficult for red and blue.^’^  ^ Blue emitting dye-doped OLEDs have been the most 
difficult to optimize because of the lack of available HTL host materials with high 
enough energy of emission (<400 nm) for adequate overlap with the absorption energy of 
the blue luminescent dopant for efficient energy transfer. Therefore, development of new 
HTL materials is important for achieving high efficiency dye-doped blue OLEDs.
1.3 Tertiary Aromatic Diamine HTL Materials 
The most common HTL materials used in practical devices are based on the tertiary 
aromatic diamines (TA As) TPD (N,N’-diphenyl-N,N’-ditolyl-l, 1 ’-biphenyl-4,4’
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
diamine) and a-NPD (A,A'-dinaphthyl-A,N '- diphenyl-1,1 ’-biphenyl-4,4’ diamine) 
shown in Figure 4. Most studies of HTL materials have focused on improving the thermal 
stabilities.^’^ ’^^ ’^''^  For example, Thompson et al prepared a series of asymmetric triaryl 
diamines as shown in Figure 1.5.  ^ Based on differential scanning calorimetry (DSC), it 
was shown that asymmetric substitution of the triaryl amines increased glass transition 
temperatures (TgS) and improved glass stabilities compared to NPD and TPD by 
hindering crystallization. However, later device studies revealed that these HTL materials 
exhibited inferior HTL properties, which was attributed to electronic asymmetry, which 
was proposed to cause hole trapping, thereby raising the tum-on and operating voltages.
\ _
C H s  H 3 C
a-NPD TPD
Tg = 9 5 C  Tg = 65°C
Figure 1.4. Structures of TTAs most commonly used as HTL materials in OLEDs.
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% .7 7 0 " C 7 g ;g J"C
Figure 1.5 Modification of tertiary aromatic amines to creating asymmetry about the 
nitrogen heteroatom (improved thermal stabilities but electronic asymmetry and
“pinning” of charges).^
Many other studies of TA As including preparation of starburst molecules having a 
triphenyl amine core/'  ^ tertiary amines with bulky aromatic substituents’  ^ yielded HTL 
materials with higher TgS, and improved device life times. However, few studies have 
focused on developing HTL materials with higher energy absorption and emission 
properties to be used as host materials in blue dye-doped OLEDs.
1.4 Tertiary Aromatic Diphosphines as HTL materials 
As a conventional approach, Padmaperuma et al,’  ^ investigated the effect of replacing 
the nitrogen heteroatom with phosphorus to form tertiary aromatic diphosphines. The 
photophysical, thermal and preliminary device properties of bis-(diphenyl amino- and 
diphenyl phosphino)-E-stilbene oligomers and model dendrimers (shown in Figure 1.5) 
were evaluated. Although, tertiary aromatic phosphines have been referred to in the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
patent literature as an HTL mixture with tertiary aromatic amines, no details of their 
utility as HTL materials have been presented.'^’’^
OLIGOMERS
V n
N-STIL 
To = none
MODEL DENDRIMERS
N-STTLD 
To = 105"C
P-STIL 
To = 41"C
P-STTLD 
Fo= 121°C
Figure 1.6. Structures of bis (diphenylamino) and (diphenyl phosphino)-E-stilbene 
oligomers (N-STIL AND P-STTL) and model dendrimers (N-STILD AND P-STILD) and
their corresponding glass transition temperatures (Tg). 15
Differential scanning calorimetry (DSC) was used to access the glass formation 
ability and resulting thermal stabilities of the stilbene oligomers and model dendrimers. 
In this series of materials, substitution of P for N and formation of dendritic structures 
resulted in improved thermal properties.
Absorbance spectra of these materials in CHCI3 showed that replacing N with P 
resulted in a significant blue shift of Lmax- The shift was larger for the P-STIL oligomer 
compared to the model dendrimer containing only one P-atom. Similar energy shifts 
were observed in the solid state films.
An explanation for the blue shift of absorption energy between tertiary aromatic 
amine and phosphine compounds can be explained by the difference in size of N vs. P
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and resulting availability of the lone pair electrons for delocalization with the aromatic 
system/^ Trivalent phosphorous has four electron pairs in its valence shell adopting a 
tetrahedral configuration to minimize coulombic repulsion. The angle between the 
nonbonding electron pair and bonding electrons is wider compared to the bonds 
themselves creating a distorted trigonal pyramidal configuration about the P-atom, as 
depicted in Figure 1.6.'^’^ ° The lone pair electrons on P are more diffused and are 
overlapped poorly with the delocalized conjugate system, resulting in a blue shift of 
absorption energy compared to the corresponding diamine compounds. In solution, 
because of rotational freedom of the phenyl groups favorable orbital overlap with the 
lone pair electrons on the P atom may be hindered. However, in the solid state a stronger 
interaction of the non-bonding electrons with the aromatic Tc-orbitals may occur by 
restricting rotation of substituent groups about the P-atom.
N
107.3
H
H
P
H
Figure 1.7. Molecular Geometry of Ammonia and Phosphine
Evaluation of the photoluminescence spectra showed a similar blue shift of energy in 
solution. In particular, the Xmax of absorbance and emission for P-STIL was 327 nm and 
380 nm, respectively, which indicated that this material might be considered a good host 
material for blue-dye doped OLEDs. However, the opposite effect of P-subsitution was
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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observed in the solid-state films, where the PL emission was red shifted for both P-STIL 
and P-STILD compared to N-STIL and N-STILD. While all materials exhibited a shift to 
lower energy and broadening of the emission band on going from solution to the solid- 
state film, the largest effects were seen when N was replaced with P (see Figure 1.6).
So, although substitution of N with P resulted in a sufficient blue shift of absorption 
and emission (<400 nm) in solution, this was not maintained in the solid state film, 
precluding the possibility of utilizing these materials as hosts for blue dye-doped OLEDs. 
Further explanation for the differences in photophysical properties in solution and the 
solid-state was not presented. However, the large energy shift observed for P-STIL in 
solution verses solid state is unusual, when compare with their N-counterparts. 
Furthermore, phosphines are more liable towards oxidation in the presence of oxygen 
than amines. In 1997, Changenet et al. performed an extensive investigation of the 
photophysical properties of triphenyl phosphine and its dimethylamino substituted 
derivatives in a series of solvents, varying from non-polar to p o l a r . I t  was shown that 
unless experiments were conducted carefully in degassed solvents oxidative liability of 
phosphines in solution resulted in contributions to the absorbance and emission spectra 
from the corresponding phosphine oxide. Since the photophysical studies of P-STIL and 
P-STILD, reported by Padmaperuma, et al/'^ were not conducted in degassed CHCI3. The 
reliability of the data is in question and the solution photophysical data has to be 
reevaluated in a more careful manner in degassed solvents. Furthermore, a comparison of 
the photophysical properties of the P-STIL compound and its oxide would be interesting.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Figure 1.8. Photoluminescence spectra showing the red shift of emission observed for 
both oligomers (a) and (b) and model dendrimers (c) and (d) in CH2 CI2 verses solid-state
films
The model dendrimers only (N-STILD and P-STILD) were tested as HTL materials 
in identically prepared OLED devices utilizing Alqs as the emissive layer and Mg/Ag as 
the cathode/"* Both materials exhibited inferior device characteristics (EL efficiency and 
operating voltage) compared to a similar device prepared using the commonly used HTL 
material, a-NPD. However, when P-STILD was used as the HTL the device operating 
voltage was higher, but EL efficiency was also higher compared to the all N containing 
material, N-STILD. The higher voltage for P-STILD may be a consequence of electronic 
asymmetry caused by the presence of different heteroatoms, similar to the asymmetrically 
substituted tertiary aromatic diamine results reported by Thompson, et al/ However,
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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further studies of tertiary aromatic diphosphines is necessary for accessing their utility as 
HTL materials in OLEDs.
1.5 Purpose of the Thesis Work 
The studies of bis-(diphenyl amino- and diphenyl phosphino)-E-stilbene oligomers 
and model dendrimers showed that replacing N with P caused large changes in both 
thermal and photophysical properties. Although P-substitution provided a sufficient blue 
shift of absorption and emission energies in solution, the same result was not obtained for 
solid-state films, which prevents these materials from being considered for host materials 
in blue dye-doped OLEDs. However, the large energy shifts reported upon P-substitution 
in these materials may be a consequence of oxidation to the phosphine oxide, which 
should absorb and emit and higher energies compared to the phosphine.^’’^  ^ A 
réévaluation of P-STIL is necessary to confirm the effect of P-substitution on the 
photophysical properties.
Preliminary device studies suggested that phosphine materials can also act as HTL 
materials. However, a better assessment of tertiary aromatic diphosphines as HTL 
materials would be to study the phosphorus counterparts of well-studied tertiary aromatic 
diamines used in OLEDs.
The purpose of this thesis was to synthesize the phosphorus containing analogues of 
the well-studied HTL materials a-NPD and DDE (N,N’ -diphenyl-N,N’ -diphenyl-1,1’- 
biphenyl-4,4’ diamine) with the goal of producing new HTL materials with higher energy 
of emission and absorbance that can be exploited for host materials in blue dye-doped 
OLEDs. The preparation of 4,4’-biphenylenebis( 1 -naphthylphenylphosphine) (a-P-NPD)
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is important because it was anticipated that it would provide an excellent model tertiary 
aromatic diphosphine compound for optimizing HTL, since the nitrogen counterpart, a- 
NPD is one of the most studied HTL materials in OLEDs. The synthesis of 4,4’- 
biphenylene bis(diphenylphosphine) (P-DDB), which is similar to the common HTL 
material, TPD was specifically chosen to study of the effect of replacing the stilbene unit 
of the previously studied P-STIL oligomer with a biphenyl. The corresponding 
diphosphine oxides of these materials (a-PO-NPD, PO-DDB), as well as that of P-STIL 
(PO-STIL) were also prepared for comparison to address the stability of these materials 
to oxidation. Réévaluation of the photophysical properties of P-STIL in degassed solvents 
was accomplished revealing that the energy shifts upon P-substitution of the N-atom in 
tertiary aromatic amines is not as large as previously reported.
This thesis is organized in the following manner: Chapter 2 describes the 
experimental procedures for synthesis and characterization of a-P-NPD, P-DDB and the 
oxides a-PO-NPD, PO-DDB, and PO-STIL; Chapter 3 describes the photophysical 
properties of these tertiary aromatic diphosphines in solution and the solid state and 
compares the results with the corresponding diphosphine oxides, tertiary aromatic 
diamines, as well as the previously studied bis-(diphenyl amino- and diphenyl 
phosphino)-E-stilbene oligomers (N-STIL and P-STIL); and Chapter 4 presents the 
conclusions of this thesis including a discussion of the utility of tertiary aromatic 
diphosphines as HTL materials and their potential as host materials for blue-dye doped 
OLEDs.
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CHAPTER 2
EXPERIMENTAL
2.1 General Synthesis of Tertiary Aromatic Diphosphines (TAP)
Tertiary aromatic phosphines represent an important class of compounds in organic 
chemistry. They function both as ligands in transition metal complexes and as 
intermediates in organic synthesis. TAPs are bidentate ligands, which play a dominant 
role in transition metal c a ta ly s is .Synthesis of novel TAPs is more complex than the 
synthesis of simple tertiary aromatic phosphines. In our group, we synthesized a TAP 
symmetrical around both the P atoms, 4,4’-biphenylenebis(diphenylphosphine),P-DDB 
(I) and an TAP which contains an asymmetrical substituent, but both P atoms have 
symmetry on either side of the biphenyl group, 4,4’- 
biphenylenebis(naphthylphenylphosphine), a-P-NPD (II) for evaluating applicability in 
OLEDs as hole transporting material. Four typical synthetic routes from the literature for 
general synthesis of tertiary aromatic diphosphines are discussed below.
Scheme 1. Double Grignard reaction.
B r-A r—Br — —— ► BrMg-Ar-MgBr — —— ► (Ar')2P~Ar—P(Ar') 2
a. Mg, dry ether or THF
b. (Ai^PCl
17
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Scheme IL Lithium -halogen exchange reaction^”'*
Br—Ar—Br a. Li—Ar—Li b. (Ar')2P“Ar—P(Ar')2
a. n-BuLi, dry THF, -6 6 °C
b. (Ar^zPCl
Scheme III. Via phosphide intermediate^ 
(ArDsP a. 0  @  b(Ar')2P Na ------:—► ('Ar)2P"A r—P(Ar') 2
a. NH3,Na,-65''C
B r-A r—Br
Scheme IV. Synthesis of enantioselective asymmetric tertiary aromatic diphosphines 
via Juge-Genet approach^
Ph
. 0 - ^ H
H,B
'Ar
\ *
,P -
"Ar
V H
CHi CH3
a.
-Ar-
* .AP
-PC
Wr" c.
'Ar * .Ar'
_ —P
H 3C -N "" H g / ' 'N -C H ;
\*p_ Ar . ^
HiC Ph
OH
b.
'Ar \*
-Ar-
* .Ar'
-PC
HiB OCH.
a. Li-Ar-Li
b. MeOH, H+
c.APLi
Figure 2.1 General synthetic schemes for preparing TAP
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In 1960’s the digrignard reaction was used to synthesize (I) by two different research 
groups. Hnoosh et.aC., utilized the digrignard reaction in tetrahydrofuran (THF), but the 
reaction yielded formation of 4, 4’-bis(diphenyl phosphinic acid)biphenyl, Later 
confirmation of the structure was achieved through infrared spectrum and molecular 
weight calculations. A similar attempt, in 1966, was conducted by Baldwin et. al.,  ^ in 
which 4,4 ’ -dibromobiphenyl and 2 equivalent of magnesium turnings in a mixture of 
THF and benzene and refluxed for 13 hours prior to the addition of 2 equivalents of 
diphenylchlorophosphine. But this procedure yielded impure material having a wide 
melting range and required exhaustive purification process. Thus, the synthesis of TAP 
via digrignard intermediates did not attract much interest among chemists.
During the same time period both the research groups attempted a lithium -halogen 
exchange reaction to prepare (I). However, they used different reaction conditions. The 
Hnoosh group used diethylether as the solvent and the reaction was carried out in room 
temperature. Unlike tetrahydrofuran (THF), ether is not capable of releasing an acidic 
proton to a lithiated species at room temperature. Once the lithium-halogen exchange 
reaction was completed, 2  equivalents of diphenylchlorophosphine was added and 
refluxed for 2 hours. But the average yield was 51%. When the reaction conditions were 
slightly changed, mono and di phosphine oxides formed. This indicates the sensitivity of 
the entire reaction toward the reaction conditions. The Baldwin group carried out the 
lithium -halogen exchange reaction in dry THF at very low temperatures (-6 6 °C). They 
were able to obtain 94% yield and the product was highly pure.
Synthesis of 1,2-bis(diphenylphosphino)ethane via phosphide intermediate is reported 
in literature.^ Solutions of sodium in ammonia are known as a strong reducing agents and
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these solutions reduce aromatic hydrocarbon. In very low temperatures (-78°C ) Na/liq 
NH3 can be used to make diaryl phosphide from diaryl halophosphines. We tried to 
synthesize (I) by reducing diphenyl chlorophosphine using Na/liq NH3 and subsequent 
addition of 4,4’ -dibromobiphenyl. The whole reaction was carried out under a positive 
pressure of nitrogen. The phosphide intermediate appeared as a bright orange complex. 
However, the white solid obtained from recrystallization in ethanol was found to be the 
oxide (using NMR). Although this method was successfully applied for synthesizing
1,2- bis(diphenylphosphino)ethane, was not useful for preparing (I).
Development of synthetic procedures for asymmetric TAP is limited by the fact that 
the required secondary phosphine halides are not commercially available. However, in 
1999, Nettekoven et. al.,  ^presented a synthetic route for asymmetric TAP which utilized 
Juge-Genet approach as depicted in scheme 4. Asymmetric TAPs feature chiral 
phosphorous centers. The Juge-Genet method can be utilized to obtain a single 
diasteriomer of a tertiary aromatic diphosphine in high optical purity.
This project was only required preparation of asymmetric TAP (a-P-NPD) as a an 
unresolved mixture of chiral isomers. Therefore we utilized a Grignard reaction followed 
by a lithium-halogen exchange reaction for making asymmetric counterpart (II) and the 
latter for making the symmetric phosphine(I).
II
/  \
m
Figure 2.2 Structures of P-DDB(I) and a-P-NPD(II)
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2.2 Synthesis of a-P-NPD and P-DDB
2.2.1 P-DDB
We followed the same reaction procedure as Baldwin et.al.,^ with some 
modifications, to synthesis (I) and using THF as the solvent. Solvent dryness plays a 
major role in the entire synthesis. Initially, 99% anhydrous THF purchased from Aldrich 
was used as received for the reaction. However the desired product was not obtained. In a 
second attempt, freshly distilled THF was used as the solvent, affording a white 
precipitate, which when digested in degassed ethanol gave pure (I) in 87% yield. In 
Baldwin’s procedure they isolated the final product by washing with water and finally 
digestion with methanol. But we worked up the final reaction solution in a different way. 
The solvent (THF) was removed under reduced pressure resulting in a yellowish solid 
which was dissolved in degassed CH2CI2 and filtered through celite to remove salt 
byproduct. The white solid that resulted was digested in degassed ethanol. Thin layer 
chromatographic analysis of the crude product cexhibits only one spot and hence contain 
no observable impurities.
66°C V V-66" C
Figure2.3 Synthetic scheme for P-DDB
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2.1.2 a-P-NPD
4,4 ’ -biphenyl enebis(naphthylphenylphosphine) (II) has not previously been 
synthesized. Unlike (I), the starting material naphthylphenylchlorophosphine was not 
commercially available. Therefore two extra steps were introduced prior to the lithium- 
halogen exchange reaction.
(a) Preparation of Naphthyl Magnesium Bromide.
MgBr
Anh.THF
Mg
Figure 2.4 Grignard Reaction
Preparation of the Grignard reagent is the key step in preparing the chlorophosphine. 
This is a moisture sensitive reaction and should be carried out in extremely anhydrous 
conditions.^ All the glassware used in this reaction was cleaned with acetone and kept in 
the oven at 100° C prior to use. Magnesium turnings were cleaned with sand paper or the 
oxide layer was dissolved in diluted HCl and then washed with acetone and kept in the 
oven for few hours prior to use. Initiation of the Grignard reaction is the primary concern 
in the first step. A crystal of iodine is used to initiate the reaction. An inert atmosphere 
was maintained through out the reaction series until the final product is obtained. As 
mentioned earlier choice of solvent and dryness of the solvent is a critical factor in 
success of this reaction. THF was used as the solvent, as it was mentioned in literature, a 
better solvent to carry out the Grignard reaction. When freshly distilled THF was used.
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the Grignard reaction was initiated between 5 to 10 minutes after initial 1- 
bromonaphthelene addition. In the first attempt of making naphthylmagnesium bromide 
using commercially available anhydrous THF, the initiation took more than 45 minutes 
and in some occasions the reaction was never initiated. There are a few factors to be 
considered in initiation of the Grignard reaction. Until the initiation has been confirmed, 
no more than 2 0 % weight of 1 -bromonaphthalene should be added to the reactor. 
Otherwise sudden initiation of the highly exothermic reaction may cause a release of 
reactor content into the atmosphere. Another possible problem which might result in a 
sudden initiation is the formation of homo coupled product. The initiation of the Grignard 
reaction is through a radical mechanism.^
High concentration of reactive naphthalene radical may lead to homo coupling in a 
case of sudden initiation after all the 1 -bromonaphthalene has been added. A small 
amount of iodine was used for the activation of the reaction. The proposed mechanism 
rationalized the enhanced reactivity of iodine-activated magnesium involves formation of 
magnesium(I)iodine, which functions as the activating agent in the formation of the 
Grignard reagent. After removal of excess magnesium, the concentration of the Grignard 
reagent must be determined before use. This was done by a simple acid base titration 
which is described in section 2.6. The Grignard reagent preparation reaction from 1- 
bromonaphthene was optimized featuring yield of 96%. Determination of the content of 
Grignard reagent was important in synthesizing naphthylphenylchlorophosphine, which 
is the starting material for the coupling reaction with 4,4’-dibromobiphenyl.
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(b) Preparation of a-Naphthylphenyl Chlorophosphine
Commercially available dichlorophenyl phosphine is an air sensitive reagent and 
should be stored under argon to prevent possible oxidation and hydrolysis. However by­
products due to both processes can be observed over the time. NMR spectrum of a 
sample of stock reagent showed an additional peak at -75.89 ppm due to the oxidation of 
dichlorophenyl phosphine after a 8  month of use. After a two year period turbidity could 
be seen in the bottle. Therefore, it is recommended to redistill the reagent under inert 
atmosphere, prior to use in order to obtain a successful product.
A known concentration of previously prepared Grignard reagent was added to one 
equivalent of dichlorophenyl phosphine in THF. Both the P-Cl bonds in dichlorophenyl 
phosphine has the same chemical activity towards the Grignard reagent. Therefore careful 
control of the stoichiometry is critical to obtaining good yield of the 
monochlorophosphine product.
CKp^Cl
THF, O'C
Figure 2.5 Preparation of a-naphthylphenyl chlorophosphine
(c) Synthesis of a-P-NPD via the Lithium-Halogen Exchange Reaction
The final step of the reaction is the same lithium exchange reaction as in P-DDB. 
Naphthylphenylchlorophosphine was used without isolation. 1.95 equivalents of 4,4’-
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dibromobiphenyl and «-butyllithium was used, assuming that the reaction between the 
Grignard reagent and dichlorophenyl phosphine was not quite quantitative.
Although crude (I) has high purity (as evaluated by TLC), (II) was grossly 
contaminated and purification was tedious. Several attempts to recrystallize (II) failed. 
Therefore, as an alternative approach (II) was protected as phosphine -borane complex 
using lOM dimethyl sulfide borane (MezS-BHs)^ and was chromatographed using silica 
with 40%-60% benzene and hexane solution. The possibility of oxidation of phosphine 
during the chromatography period was therefore minimized. Formation and purity of the 
phosphine-borane complex was assessed by NMR. As reference compounds PDDB- 
borane and triphenyl phosphine borane complexes were also synthesized. Although, a- 
PNPD-borane complex was made and purified (using column chromatography), isolation 
of phosphine was not attempted due to low recovery of the borane complex. The 
deprotection of phosphine could be done by heating with excess triethyl amine as 
reported in 83% yield.* This procedure can be recommended for purification of this 
phosphine on larger scale.
2.3 Preparation of Phosphine Oxides 
Oxides of a-P-NPD and P-DDB were prepared by treatment of the corresponding 
phosphines with hydrogen peroxide. The ^'P NMR spectra of the crude reaction products 
show 1 0 0 % conversion of phosphine to oxide.
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2.4 Materials Characterization 
a-P-NPD, P-DDB, a-P-NPD oxide and P-DDB oxide were characterized using 
several conventional techniques. Crude materials were identified using TLC (thin layer 
chromatography) on silica plates in different solvent combinations. Structures of 
phosphines were confirmed by  ^ P NMR, ^^ C NMR, NMR and Mass Spectrometry 
(Electron Impact). FT-IR spectra of solid samples were obtained as KBr pallets using a 
NICOLET 210 FT-IR and also photoacaustic ER spectrum was recorded using FTS 7000 
series Digilab instrument. Melting points of crude materials were obtained using Thomas 
Hoover Capillary Melting Point Apparatus. The thermal analysis was done using a 
Netzsch instrument. Simultaneous Thermal Analyzer (STA) and melting points and glass 
transition temperatures of some of the synthesized materials were obtained. Elemental 
analysis for C and H was performed by Desert Analytics at Tucson, Arizona.
Scheme 1
2.4.1 NMR spectroscopic characterization 
NMR spectroscopic data for P-DDB has not reported before, although it was 
synthesized previously. *'P NMR, ^^ C NMR and ’H NMR data for P-DDB is reported for 
the first time in this research. They were obtained in CDCI3 using a BRUKER AMX400
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NMR spectrometer. Table 2.1 shows the NMR chemical shift values obtained for 
phosphines, phosphine oxides and phosphine-borane complexes.
Table 2.1: ^^ P NMR chemical shift values obtained for phosphines, phosphine oxides 
and phosphine-borane complexes with reference to 85% H3PO4 .
compound ^^ P NMR Chemical shift
value (ppm)
P-DDB -5.624
a-P-NPD -14.528
TPP -5.0
P-STIL -5.22
a-P-NPDO 32.47
P-DDBO 29.075
TPPO 29.02
P-STILO 29.095
a-P-NPD-BHs 20.619
P-DDB-BH3 21.09
P-TPP-BH3 21.05
‘^p NMR spectra were obtained externally referenced to 85% H3PO4 (in D2O) 
resonance peak at 0 ppm. ^'P resonance peak for P-DDB was observed at -5.624 ppm. 
Very similar to that observed for triphenyl phosphine (TPP) at -5.0ppm. a-P-NPD is an 
asymmetric di-phosphine and naphthyl groups have a significant effect on the geometry
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
28
around the P atom. The ^'P resonance peak for a-P-NPD appeared at -14.528 ppm. 
Compared with tri aryl phosphine derivatives, the ^^ P chemical shift values became more 
negative (more up field) as the steric size of the substituent is increased. This 
phenomenon was previously observed by Muller et. al. in 1995 using triaryl phosphine 
derivatives.^ When the size of the substituent changes from phenyl —^naphthyl 
anthrasyn and the number of large aryl substituents increases the ^^ P chemical shift 
moved to more negative values. This observation confirms the ^'P resonance value 
obtained for novel a-P-NPD.
Oxides of P-DDB and a-P-NPD showed down field shift in *'P resonances. ^'P 
chemical shift for P-DDB oxide appeared at 29.075 ppm. a-P-NPD oxide showed a slight 
down field shift to 32.47ppm. This observation was supported by the study of triphenyl 
phosphine oxide derivatives done by of Muller et.al\ They observed a down field shift 
of the chemical shift value of oxides when naphthyl substituents were introduced.
In the NMR spectrum of P-DDB, a majority of the individual signals were not 
distinguishable. The only distinguishable proton resonance was H3, appeared at 7.56ppm 
and other proton signals were overlapped together between 7.3-7.4 ppm. The same 
observation was seen in NMR spectrum of triphenyl phosphine oxide.
In the '^C NMR spectrum of P-DDB, well resolved signals and fine coupling due to 
'jpc, J^pc and J^pc was also observed. Carbons local to the P atom exhibited higher 
chemical shift value. The bridging Cs in the biphenyl system were the most deshielded 
ones.
a-P-NPD bears 18 chemically non-equivalent aromatic carbons. The *^ C spectrum of 
a-P-NPD exhibits 15 C resonances, thus tentative, assignment of the signals is made
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below. The bridging Cs in biphenyl moiety have distinct chemical shifts and were the 
most desheilded (140ppm). Cs local to the P atom (Cl, C5 and C9) were next most 
deshielded and appeared between 135-136ppm. Ortho Cs in biphenyl and phenyl groups 
was observed around 134ppm (similar to P-DDB). However, ortho Cs in naphthyl group 
appeared around 132-13 3ppm and showed small coupling. This is no doubt, due to the 
larger size of the naphthyl substituent, it may be oriented differently with respect to the P 
long pair resulting in a smaller coupling constant. C3, C l and C8 resonance peaks 
appeared at the same chemical shift value as P-DDB and also showed similar coupling.
2.4.2 Thermal Analysis 
The phosphine samples were subjected to thermal analysis, in particular differential 
scanning colorimetry (DSC) and thermal gravimetric analysis (TGA). Both experiments 
were performed simultaneously using STA. The samples (3.00-6.00mg) were placed in 
an aluminum crucible and heated at a rate of 10°C/min under nitrogen atmosphere. 
Samples were purged with N% gas 2 times before the heating process was carried out, 
minimizing the possibility of oxidation of samples upon heating. All the trials were run in 
aluminum pans crimped with a lid which has a hole.
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Figure 2.6 Comparison of DSC of P-DDB at 5K/min and lOK/min
First heating cycle (upto 240“C) 
Second heating cycle
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Figure 2.7 First and second heating curve for P-DDB at lOK/min rate
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Figure 2.6 shows the first heating cycle of P-DDB at lOK/min and 5K/min. The 
heating rate was lowered to check for reproducibility of the small inflation observed at 
138°C. However, the peak was neither well -resolved nor did it indicate significant 
difference. Therefore it could be the glass transition temperature. This is supported by the 
fact that P-DDB was not recrystallized, but was digested in ethanol. Therefore the solid 
might already be in the amorphous state and it is possible for the glass transition to be 
observed in the first heating cycle. However a second heating was done after the first 
heating process up to 240°C (Figure 2.7). In the second heating cycle, an exotherm could 
be seen at 112°C, which incorporates with a 2% weight gain. Normally a weight gain is 
due to an association reaction. Therefore oxidation of the phosphines was suggested, 
although the sample was run under an inert atmosphere. Duplication of the experiment 
produced the same result.
0 .6 -
0 .4 -
O)
0 .2 -
0 . 0 -
- 0.2
200 300100
temperature( C)
Figure2.8 First heating curve of a-P-NPD at lOK/min heating rate
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
32
Figure 2.8 shows the first heating curve for a-P-NPD. A broad endothermie peak can 
be observed at 91^C incorporates with a weight loss. Perhaps this is the result of the 
removal of trace solvent which was originally in the sample or removal of a volatile 
byproduct (like naphthalene or binaphthyl). However this a-P-NPD sample was obtained 
from column chromatography and purity was assessed by ^^P, ^H, NMR and TLC. 
The melting endotherm at 228°C also features a shoulder, which indicates more than one 
transition. This can be understood, when the chirality of the molecule is considered^. a-P- 
NPD possesses chiral phosphorous centers resulting in several possible stereo isomers. 
The individual isomers may have different physical properties. Therefore the melting 
points may slightly differ. The glass transition temperature of a-P-NPD was obtained 
from the DSC of glassy a-PNPD obtained from purification using thermal gradient 
sublimator and it is appeared at 191°C.
2.5 Reagents
Magnesium turnings (99.98% metal base) was purchased from Johnson Mattey 
company and cleaned before the use. All the other chemicals, 1 -bromonaphthalene, 
dichlorophenyl phosphine, diphenylchlorophosphine, 4,4 ’ -dibromobiphenyl were used as 
purchased from Aldrich without further purification. 2.5 M butyllithium in hexane was 
purchased from Aldrich and titrated against 2-butanol according to the procedure 
mentioned in the section 2.6, in order to get the current concentration. This was always 
done once a month. THF was purchased from Fisher Scientific and distilled from sodium 
and benzophenone as the indicator. Purity of all the starting materials was assessed by ^H 
NMR, except n-butyl lithium.
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Because of the instability of chlorophosphines in contact with air they were handled 
under argon atmosphere. Needles and borosilicate glass syringes were kept in oven at 
lOO^C and allowed to cool to room temperature in a desiccator. Gas tight luer lock 
syringes were kept in the desiccator.
2.6 Synthesis Procedures
a. P-DDB
A 250 mL, 3 neck round bottom flask equipped with a stir bar was dried at 100°C 
overnight and swept with a stream of argon until reaching to room temperature. A 
thermometer was fixed in the middle neck of the flask. 3.21g (O.Olmoles) of 4,4’- 
dibromobiphenyl was added and capped with a rubber septa. A positive argon pressure 
was supplied and maintained using a balloon. Then 90mL of freshly distilled THF was 
added using a syringe. Once all the 4,4’-dibromobiphenyl was dissolved, the reactor was 
immersed in a dry ice-acetone bath. When the temperature became -66^C, 0.02 moles 
(XmL, the volume depends on the actual concentration of n-butyl lithium) n-butyl lithium 
was added drop wise to the solution using a syringe. During the addition of the first few 
drops, the reaction mixture became bright yellow. Upon further addition the reaction 
mixture became thick leading to intermittent in stirring. Once the addition was 
completed, stirring was continued another hour at -66°C. Then the ice bath was removed 
and the reaction mixture was allowed to warm up to 0°C during a 45 minute period. The 
temperature was maintained another 2 hours at 0°C using a salt-ice bath. The reactor was 
cooled again to -66°C prior to addition of 3.58ml (0.02 moles) of
diphenylchlorophosphine. As the addition was completed the color of the reaction
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mixture became clear and pale yellow. The mixture was allowed to stir for 3 hours at - 
66°C and then warmed to room temperature. The solution was stirred at room 
temperature over night. (3 hours was sufficient according to the literature). 2 mL of 
degassed methanol was added to confirm quenching of excess lithium reagent. The 
solvent was then removed under reduced pressure. The crude white solid was dissolved in 
degassed CH2CI2 and immediately filtered through a short column of celite in order to 
remove salt byproduct. CH2CI2 was removed and the white solid isolated was digested in 
degassed ethanol and gravity filtered to isolate (I) 90%.
Mp: 194°C-196°C (lit .^ mp 191° C-193° C), NMR: -5.62(s), NMR: 7.56(4H, dd),
7.3-7.4(24H, m), "C NMR: 140.74(s, C4), 136.1 (d. Cl), 136.56(d, C5), 134.19(d, C2), 
133.78(d, C6), 128.8(s, C8), 128.56(d, C7), 127.06(d,C3), IR (photoacaustic, v, cm'^ ):
1450(m, P-C stretching), 3000 (s, aromatic C-H stretching), 800,680(s, o.o.p.b 
monosubstituted aromatic ring), 810(s, o.o.p.b 1,4 disubstituted aromatic ring), M/S, 
DIP(EI, 70eV,m/z): 522 (M+, 100), 445(M+-Ph, 3), 337(M+-P(Ph)(Np), 5),
261(M^^T2.5), Anal. Calc, for CssHzsPz: C, 82.74; H, 5.40; P,11.85, Found: C, 82.73; H, 
5.42.
b. Synthesis of a-P-NPD 
0.6g (0.026moles) of magnesium turnings were placed in a dry and inert 3 neck round 
bottom flask. A reflux condenser with a drying tube was attached to the middle neck. A 
crystal of pure iodine was added and two other necks were capped with rubber septa. A 
balloon of argon was attached to maintain an inert atmosphere. 30 mL of freshly distilled 
THF was added affording a brown color. Addition of a solution of 2.3 mL (0.0165moles)
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of 1 -bromonaphthalene in 10 mL of THF was started dropwise using a syringe. No more 
than 1/3 of 1 -bromonaphthalene was added before the initiation. Normally the initiation 
of the reaction occurs within 3-10 minutes. The brown color of the reaction solution 
disappeared and again hegan to develop a pale yellow color. When the addition was 
complete the reaction mixture was heated to reflux (5°C-10°C above the room 
temperature) for 2 hours. The reactor was then allowed to cool to room temperature.
50 mL of degassed distilled water was added to a clean and inert 100 mL round 
bottom flask with a stir bar and capped with a septa. 1.00 mL of Grignard reagent was 
added to the water using a gas tight glass syringe and stirred thoroughly. Three drops of 
phenolphthalein indicator was added to the flask and titrated with 3-4 mL of O.OIM HCl 
(standardized against O.OIM NaOH) past the end point (colorless). The solution was 
allowed to stir for 5 min. Then the excess HCl was titrated with O.OIM NaOH 
(standardized against O.OIM KHP) in a burette to the end point (pink color). The titration 
was duplicated. The amount of Grignard reagent in l.OOmL was calculated.
A clean and inert 50mL graduated dropping funnel was attached to a clean and dry 
250 ml three neck round bottom flask equipped with a stir bar. The glass assembly was 
swept with dry argon. Necks were capped with rubber septa and an inert atmosphere was 
maintained using a balloon of argon. The Grignard reagent was transferred to the 
dropping funnel. The required amount (1 equivalent) of dichlorophenyl phosphine was 
calculated according to the active Grignard reagent found from the titration. 60 mL of 
distilled THF was added to the round bottom flask and then 1 equivalent of 
dichlorophenyl phosphine was added. The reactor was immersed in a salt-ice bath, when 
the temperature became 0°C or below, Grignard reagent was added drop wise over 2 hour
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period. Then the ice bath was removed and the solution was stirred at room temperature 
for 2 hours. This solution of naphthyl phenyl chlorophosphine was reacted with 
4,4’dilithiated biphenyl as in the preparation of P-DDB. The last step was the same 
lithium-halogen exchange reaction as in synthesis of P-DDB.
When the solvent (THF) was removed under reduced pressure, a pale yellow foam 
was obtained. After the removal of salt byproduct, instead of digesting, the crude solid 
was washed with degassed ethanol. Remaining ethanol was removed under vacuum for 
few hours. TLC analysis showed that the yellowish solid isolated contained another three 
(or more) byproducts in addition to a-P-NPD. a-P-NPD was identified by reference to P- 
DDB. Isolation of a-P-NPD was done using flash chromatography. The column was 
prepared as follows. A long coarse fritted funnel with 2 inch diameter was used to make 
the column. The funnel was first plugged with glass wool and then with fine washed sand 
(-0.4cm). The absorbent (silica 60, particle size 0.040-0.063mm, 230-400 mesh ASTM) 
was then placed in the column as slurry in a mixture of 10%benzene and 90% hexane. 
The colunm was 2.5 inches long. A sand layer (-0.4cm) was added on the top of the 
absorbent. 1 .Og of a-P-NPD mixture was dissolved in a minimum amount of 10%benzene 
and 90% hexane mixture (3ml) and allowed to flow in to absorbent under gravity. The 
solid was not completely dissolved. But when the benzene content of the eluent was 
increased the solid shows an appreciable solubility. The elution was started with 
10%benzene and 90% hexane and the polarity was increased to 20%, 30%, 40%, 50% 
and finally eluted with 100% benzene. a-P-NPD came out from the column when eluting 
with 40% and 50 %benzene. Therefore small fractions were collected at that time. The 
recovery was low.
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Mp. 227°C-231°C, NMR: -14.52ppm, NMR: 8.4(dd), 7.86(t), 7.68(d), 7.3- 
7.55(m), 7.05(t), 140.55, 135.46, 135.2, 134.3, 133.24, 131.85, 129.3, 128.69,
128.43(more than 1 carbon), 128,12, 126.92, 126.11, 126.02, 125.82, 125.37, IR
(photoacaustic, v, cm''), 1450(m, P-C stretching), 3100 (s, aromatic C-H stretching), 
800,680(s, o.o.p.b monosubstituted aromatic ring), 810(s, o.o.p.b 1,4 disubstituted 
aromatic ring), M/S, DIP (El 70eV,m/z): 622 (M+' 100), 545(M^-Ph, 3), 337(M^-Np, 3), 
387(M+-P(Ph)(Np),18), 310(M^+' 101), Anal. Calc, for C44H32P2 : C, 84.87; H, 5.18; 
P,9.95, Found: C, 84.26; H, 5.09.
c. a-P-NPD oxide
0.75g of crude a-P-NPD was dissolved in 40mL of benzene and 3ml of 30% 
hydrogen peroxide was added. The reaction mixture was stirred for 4 hours. The organic 
layer was extracted two times with 30 mL of CH2CI2 . The solvent was removed under 
reduced pressure and a white solid was yielded.
^'P NMR: 32.47ppm, IR (photoacaustic, v, cm '): 3100(s, aromatic C-H stretching), 750, 
680(s, o.o.p.b monosubstituted aromatic ring), 810(s, o.o.p.b disubstituted aromatic ring), 
1190(s, P=0 stretching)
d. P-DDB oxide
P-DDBO was synthesized using the same procedure above. l.Og of P-DDB was 
converted into the oxide.
Mp. 306°C, '^P NMR: 29.07ppm, 'H NMR( 7.4-7.8ppm, m, all protons), '^ C NMR: 
143.35 (s, C4), 132.92(d,Cl), 132.75(d,C5), 131.9-132.1(C2,C8,C6), 128.59(d, C7),
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127.3(d, C3), IR (photoacaustic, v, cm '): 3100(s, aromatic C-H stretching), 750, 680(s,
o.o.p.b monosubstituted aromatic ring), 800(s, o.o.p.b disubstituted aromatic ring), 
I200(s, P=0 stretching). Anal. Calc, for CgsHzgPzOz: C, 77.97; H, 5.09; P, 11.17; 0 , 5.77, 
Found: C, 78.07; H, 5.00.
e. Procedure for determination of n-butyl lithium'"
A few crystals of 1,10-phenanthrolein was added to a clean, dry and inert 25ml round 
bottom flask with stir har and capped with a rubber septa. An inert atmosphere was 
maintained using a balloon of argon. 1 or 2 mL of dry ether (distilled over sodium) was 
added to the flask. The reactor was immersed in an ice bath and allowed to cool to 0°C. 
Then 0.1 mL of n-butyl lithium was added using a gas tight syringe. The color of the 
reaction mixture became brown. Then l.OOmL of 2.001M dry 2-butanol (the stock 
solution was prepared hy 9.2mL of anhydrous 2-butanol purchased from Aldrich, and 
40.8mL of dry xylene (distilled over calcium hydride)) was drawn with a gas tight 
syringe and n-butyl lithium was titrated drop wise. The reaction was repeated three times 
and then the average concentration was calculated. The concentration of n-butyl lithium 
was assessed before the first use, as well as each month after the first use.
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CHAPTER 3
PHOTOPHYSICAL CHARACTERIZATION
3.1 Introduction
Luminescence is the emission of light (photon) from any substance and occurs from 
an electronically excited state. In photoluminescence, the electronically excited state is 
achieved by excitation with photons. Electroluminescence, which is the principal 
phenomenon in OLED technology, the electronically excited state is achieved by 
electrical excitation using an applied potential. Despite the method of excitation, the 
excited state is believed to be the same. Therefore, a high electroluminescence yield ean 
be obtained from a molecule that exhibits high photoluminescence efficiency (PL).
PL efficiency is defined as the ratio of light emitted to light absorbed. In most cases 
energy is lost through non-radiative decay of the excited state via vibrational relaxation 
resulting in heat. The energy of the emission then is usually lower than that of absorption 
and fluorescence typically occurs at longer wavelengths. This energy loss is referred to as 
the Stokes shift or Frank-Condon shift.
In this thesis the photophysics of tertiary aromatic diphosphines have been evaluated. 
The optical transitions responsible for the photoluminescence in tertiary aromatic 
monophosphines (TAP) are controversial,^’^  but are believed to be dependent on the lone 
pair electrons on the phosphorus atom and how it interacts with the aromatic structure of 
the molecule in the ground and excited states. The 2>p electrons of P atoms are involved in
41
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the P-C bonds, hut 3a electrons remain as an unshared electron pair. Therefore, the degree 
of deloealization of these unshared electrons is generally related to the lower energy 
absorption in these molecules. Both the n-iz* and n- n* transitions contribute to the 
absorption and emission properties in these compounds and the relative energies depend 
on the structure as shown for the most simple TAP, triphenyl phosphine (TPP), as 
discussed below.
3.2 Previous Studies of the Photophysics of Tertiary Aromatic Monophosphines : 
Triphenylphosphine and its Dimethylamino-Substituted Derivatives 
The absorbance and emission properties of triphenyl phosphine (TPP) have heen 
studied extensively. However, a recent report hy Changnet, et al, suggested that 
many of the previous reports may be in error because of complications from the presence 
of the oxidized form of TPP in solution.^ Therefore, a detailed study of both the 
phosphines and their oxides were presented. The results of those studies are discussed 
below in some detail because TPP and its substituted derivatives are good reference 
materials for understanding the photophysics of the tertiary aromatic diphosphines 
materials studied in this thesis. The chemical structures of TPP and the derivatives 
studied are shown in figure 3.1.
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Figure 3.1 Structures of triphenyl phosphine and its substituted derivatives studied by
Changenet.^
The absorption and emission spectra of TPP were measured in a number of UV- 
spectroscopic grade solvents (cyclohexane, tetrahydrofuran, diethyl ether, and 
acetonitrile) with no deaeration. A structureless absorbance curve with a Àmax at 260 nm 
was observed in cyclohexane. The absorption spectra were reported to be similar in more 
polar solvents (diethyl ether and acetonitrile), but slightly blue shifted. In contrast, the 
absorption curve in tetrahydrofuran (THF) exhibited a structured peak found between 
250-275 nm with a new peak appearing at higher energy. The authors suggested that the 
difference in absorption was due to fully or partially oxidized TPP in THF due to the 
formation of peroxides in the presence of atmospheric oxygen, which acts as an oxidizing 
agent. This was confirmed by comparing the absorption spectrum of TPP in THF with its 
oxide.
The authors also studied the dimethyamino-substituted derivatives (MAP, DAP, and 
TAP) in dioxane and found that at low concentrations (~10‘® M) the absorbance spectra 
were representative of the non-oxidized phosphines, but at higher concentrations (-10'^ 
M) contributions from the oxide were visible by an increase of absorbance on the high 
energy side of the low energy absorbance peak.
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The effect of the presence of the oxidized form of TPP in THF was also revealed in 
the emission spectrum. The emission wavelength of TPP in THF was 380 nm and 
roughly the mirror image of the structured absorption spectrum. In other solvents, the 
emission was structureless and much broader appearing at -450 to 485 nm showing a 
small dependence on the polarity of the solvent. In these latter solvents, which are 
believed to be representative of the phosphine rather than the oxide, a very large Stokes 
shift increasing from 16,000 cm'^ to 18,000 cm"' as the polarity of the solvent increased 
was reported. Since the oxide exhibited a much smaller Stokes shift (<5000 cm’’), the 
authors concluded that the emission of TPP was dominated by the n-Ti* transition, since 
the lone pair on phosphorus was absent in the oxide. This suggestion was further 
confirmed by lifetime studies, where a 1 ns decay time indicated that the emission was 
due to a species that had an order of magnitude longer radiative lifetime than expected 
from the integrated first band of the absorption spectrum. The authors then concluded that 
the electronic characteristics of absorbing and emitting states must be different, and 
suggested a fast change in the excited state geometry via a more planer structure, where 
n-7i* transition dominated. This configurational change would be facilitated through 
stabilization of the planar geometry by the aromatic groups on phosphorus, consistent 
with the lower energy barriers to inversion about the phosphorus center reported for 
aromatic substituted phosphines verses alkyl group substitution.^
Unlike, TPP, the dimethylamino substituted triphenylphosphines exhibited dual 
fluorescence. Previous studies of MAP suggested that the long wavelength emission 
result from of a twisted intramolecular charge transfer excited state. However, Changnet
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revealed that the oxide of MAP (OMAP), also gave rise to dual fluorescence and that 
solutions of MAP also contain OMAP.
In light of the photophysical studies of TPP, studies of tertiary aromatic phosphines 
should include a study of the corresponding oxides since TAPs are sensitive to oxidation 
in solution. Contributions from the oxide form can be evaluated by solvent and 
concentration dependence of the absorption and emission spectra. Therefore, in this thesis 
both the diphosphine derivatives, a-P-NPD and P-DDB and their oxides (a-P-NPDO and 
P-DDBO) were evaluated and the effects of concentration and solvents on the absorption 
and emission studied. Furthermore, the diphosphine compound, diphenylphosphino-E- 
stilbene (P-STIL) reported by Padmaperuma, et al, was reevaluated and the results are 
discussed below.^
3.3 Experimental
Solution absorption spectra of all compounds were recorded with a VARIAN CARY 
330 UV-VIS spectrophotometer and emission spectra were recorded with Perkin Elmer 
Instrument, L55 luminescence spectrometer. Sample preparation was done under argon in 
methylene chloride solution (CH2CI2). First, CH2 CI2 was deoxygenated with ultra high 
purity argon gas using a gas bubbler for 5-10 minutes and capped with a septa. A small 
amount of sample was added to a new clean flask, which had been swept with Ar and 
capped with rubber septa. Degassed solvent was transferred to the flask containing the 
sample using a cannula and stirred to dissolve the sample and transferred to a 1 cm fused 
quartz cuvette. For photoluminescence experiments, the excitation wavelength was 
chosen according to absorption maxima of each compound. The excitation slit width was
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maintained at 10, while in some occasions the emission slit width was changed according 
to the emission output (especially for phosphine oxides, where the emission intensities 
were high).
Photophysical studies in the solid state were conducted using thin films grown by 
thermal evaporation on 2x2 cm quartz slides. The quartz slides were cleaned as follows. 
(1) ultrasonic treatment in a solution of Alconox reagent (2) boiling in 1,1,1-trichloro 
ethane (3) reagent grade acetone (4) reagent grade methanol (5) dry under pure argon gas. 
Slides were then stored in argon filled vials until use. A layer of 1395Â of PDDB and a 
2000Â layer of a-PNPD were deposited on the 2X2 clean quartz substrate by thermal 
evaporation from a baffled Mo crucible at a nominal rate of 2-to-4 A/s under a base 
pressure of <2 x 10'^ torr using a Denton Vacuum Thermal Evaporator. A quartz crystal 
oscillator placed near the substrate was used to measure the thickness of the films.
Solution absorption and emission spectra in methylenechloride were obtained for 
crude and purified materials using column chromatography. Concentration of the samples 
was ignored as long as it did not exceed 2 units in VARIAN CARY 330 UV-VIS 
spectrophotometer. Solid state absorption and emission spectra were obtained for thin 
films of compound soon after preparation. Absorption and emission spectra were 
recorded for the same thin films, three months later to observe the aging effect on solid 
state samples. The solution absorption and emission spectra of phosphines and their 
oxides were obtained in cyclohexane, methylenechloride and acetonitrile to evaluate the 
solvent dependence of photophysics of these compounds. A concentration study of P- 
DDB was carried out for 1.92*10'^M and lO'^M concentrations, to observe the 
concentration dependence of absorption and emission spectra.
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Absorption and emission spectra of bis diphenylphosphino-E-stilbene (P-STIL) were 
re-obtained in degassed methylenechloride, cyclohexane and acetonitrile. A 
photophysical study of bis diphenylphosphine oxide-E-stilbene (PO-STIL) was also 
performed in the same solvents and the solvent dependence of photophysical properties 
of PO-STIL was also evaluated.
3.4 Photophysical Studies of Tertiary Aromatic Diphosphines
3.4.1 Réévaluation of Diphenylphosphino-L-Stilbene Oligomer (P-STIL) 
Previous results comparing the absorbance and emission properties of 
diphenylphosphino- and diphenylamino-E-stilbene oligomers (P-STIL and N-STIL, 
respectively) in solution and the solid state were reported by Padmaperuma, et ah’ It was 
shown that replacement of N with P caused a blue shift of long wavelength Lmax by ~ 
4390 cm'* for P-STIL, in both solution and solid state films. The PL emission energy of 
P-STIL was intense and also blue shifted (3526 cm'*) compared to the nitrogen- 
containing analogue. However, the opposite effect of P-subsitution was observed in the 
solid-state films, where the PL emission was red shifted (543 cm'*) compared to N-STIL. 
Because phosphine compounds are sensitive to oxidation, especially in solution, there 
was a question whether the photophysical properties reported for P-STIL were 
representative of the diphosphine or an oxidized form of the material since no 
deoxygenation of solvents was pursued in those experiments. For that matter, the P-STIL 
material^ was reevaluated in deoxygenated solvents and a portion of the sample was 
converted to the oxide as described in Chapter 2.
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Figure 3.2. Absorption spectra of: (a) P-STIL in CH2 CI2 taken several minutes after 
preparation without deoxygenation; (b) P-STIL in CH2 CI2 taken immediately after 
deoxygenation of the solvent; and (c) the oxide (P-STILO) taken in CH2CI2 .
The absorption spectra of P-STIL measured after - 1 0  minutes in CH2 CI2 and 
measured immediately in deoxygenated CH2 CI2 were compared to the absorption 
spectrum of the oxide (P-STILO) as shown in Figure 3.2. The absorption spectrum of P- 
STIL measured without any deoxygenation was identical to that of the oxide. In 
deoxygenated solvent the absorption curve was shifted to lower energy and did not show 
any fine structure. Therefore, it is evident that the absorption properties of P-STIL 
reported previously were representative of the oxide and not the non oxidized phosphine.
The dominant presence of the oxide of P-STIL is also evident in the emission 
spectra, as shown in Figure 3.3. Although the emission spectra of P-STIL and its oxide 
were similar, the oxide showed fine structure, which was absent in the P-STIL spectrum. 
The deoxygenated solution of P-STIL exhibited a significantly different emission
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spectrum from both the oxide and the original spectrum reported by Padmaperuma. Both 
a high energy emission peak (367 nm) and weaker low energy emission peak (537 nm) 
were observed, the latter being consistent with the emission properties of TPP reported by 
Changnet, et al. It is likely that the origin of the higher energy emission is an oxidized 
form of P-STIL since fine structure is observed and it does overlap with the oxide 
emission. The lower energy peak was most likely suppressed in the earlier studies 
because of the much higher fluorescence intensity of the oxide. However it is obvious 
that the new absorption and emission spectra of the reevaluated P-STIL includes some 
contribution from the oxide even in deoxygenated solvent. This is consistent with the ^'P 
NMR spectrum obtained for P-STIL, which showed two resonance peaks at -5.22 ppm 
and 29.095 ppm, the latter corresponding to the oxide. Therefore it is obvious that P- 
STIL has oxidized over time even in the solid state.
The photophysical properties of P-STIL and its oxide are represented in Table 3.1 and 
compared to data previously obtained by Padmaperuma. Consistent with TPP studies was 
the much larger Stokes shift, or difference in energy between the absorption and emission 
Lraax of P-STIL (10,703 cm'*' calculated using the low energy emission peak) compared to 
its oxide (2803 cm'*). This suggests that even for the di-phosphines, there may be a 
geometry change in the excited state leading to emission from a more planar 
configuration of the material. However, more detailed studies were conducted and with 
respect to the other tertiary aromatic diphosphines and discussed in Section 3.4.2.
The nitrogen containing analogue (N-STIL) was also included in Table 3.1 to show 
that the blue shift in absorption energy upon replacement of N with P was smaller (1170 
cm'*) than previously reported (4674 cm'*). These studies also explain the lower energy
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emission of the thin film form of P-STIL compared to the solution spectra, where the film 
results were most likely representative of the diphosphine species and the solution 
spectrum was obviously the oxide form.
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Figure 3.3. Emission spectra of: (a) P-STIL in CH2CI2 taken several minutes after 
preparation without deoxygenation; (b) P-STIL in CH2CI2 taken immediately after 
deoxygenation of the solvent; and (c) the oxide (P-STILO) taken in CH2 CI2 .
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Table 3.1. Photophysical Data for the Bis-(Diphenyl amino- and Diphenyl 
phosphino)-E-Stilhene oligomers and Model Dendrimers in Solution and Solid-state
Films
Compound Soln.
Abs.*
(nm)
Soln.
PL
Emis
(nm)
Soln
Stokes
Shift
(cm' )^
Comment
N-STIL^ 307, 
386,405'
439 3128 CH3CI
P-STIL^ 316, 
327,345
380 4265 CH3CI, no
deoxygenation
P-STIL 340 367, 
378, 537^ ^
10,789 CH2 CI2 ,
bubbled Ar
P-STILO 314, 
326, 341
342, 
360, 378
2897 CH2CI2
*The Xmax of the most intense absorption band is identified in bold.
3.4.2 Photophysical Results for Tertiary Aromatic Diphosphines and their Oxides 
3.4.2.a Absorption Studies of a-P-NPD, P-DDB and their Oxides in CH2CI2 
A comparison of the absorption spectra of P-DDB and a-P-NPD and their 
corresponding oxides is shown in Figure 3.4. The absorption spectra were obtained in 
methylenechloride for the compounds before and after chromatographic purification, the 
latter resulting in adequate elemental analysis. Two absorption peaks were observed for 
P-DDB (236 nm and 300 nm), but after purification on a column the absorption spectrum 
changed where an additional peak appeared in the same region as the oxide absorption 
with a corresponding decrease in intensity and blue shift of the high energy peak. This 
was not observed in the absorption spectra for a-P-NPD, suggesting that the P-DDB 
compound was more susceptible to oxidation in solution, consistent with ^^ P NMR 
discussed in Chapter 2. The absorption spectrum of a-P-NPD showed three major peaks 
(228 nm, 265 nm, and 305 nm), which did not vary after chromatographic purification.
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Figure 3.4 The absorption spectra for a-P-NPD and P-DDB as crude material, 
material obtained from chromatographic purification and corresponding oxides (a-P-
NPDO and P-DDBO)
3.4.2b Solvent Effects on Photophysical Properties of a-P-NPD, P-DDB, P-STIL and
their Oxides
The absorption spectra of the tertiary aromatic diphosphines obtained in different 
solvents are shown in Figure 3.5. No significant changes were observed for either the 
diphosphines or their oxides, except for a small blue shift in the more polar solvent 
(acetonitrile) for the former. However, for P-DDB the presence of oxidized form was 
obvious because of the presence of the broad peak on the high energy side of the low 
energy absorption band centered near 300 nm.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
53
2.4-1
15 0.6-
0 .0 -
300 400 450 500250 350
3.2-
*  0.1
0 . 0-1
400 500300 350 450250
Wavelength (nm) Wavelength (nm)
2 . 0 -
3
é
S
1
<
1
(Q
i
0 .0 -
500250 350 400 450300
Wavelength (nm)
Figures.5. Absorption spectra of (a) P-DDB, (b) a-P-NPD, and (c) P-STIL in: 
cyclohexane (short dashed line); methylene chloride (solid line); acetonitrile -low 
concentration (dotted line); and acetonitrile- high concentration (dashed line).
3.4.3 Emission Properties of a-P-NPD, P-DDB and P-STIL and their Oxides 
3.4.3a Solvent Effects on Emission Properties of TAPs 
The emission spectra for the tertiary aromatic diphosphines in different solvents 
are shown in Figure 3.6. All diphosphines exhibited a broad low energy emission peak 
similar to what was previously observed for TPP and MAP. However, unlike TPP, the
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diphosphines also showed an emission peak at high energy and therefore exhibited dual 
emission similar to the dimethylamino-substituted monophosphine, MAP.
The energy of the low energy emission was similar for all mono- and di-phosphine 
compounds, where the emission showed a red shift in the most polar solvent, acetonitrile. 
Only P-STIL exhibited a larger red shift in CH2 CI2 , which currently cannot be explained. 
The intensities of the two peaks were excitation wavelength dependent, where excitation 
at high energy (-230 nm) suppressed the low energy emission, and excitation at the low 
energy maximum for each compound increased the intensity of the low energy emission. 
Interestingly, the high energy emission peak was suppressed in the non-polar solvent, 
cyclohexane.
Both P-DDB and P-STIL showed major contributions from their oxides. The presence 
of the oxide was more easily distinguished in a-P-NPD by comparison of the change in 
the high energy emission peak in different concentrations of acetonitrile. At low 
concentration, the high energy emission peak was more narrow and slightly blue shifted 
compared to the emission spectra ran at a high concentration in acetonitrile. A 
corresponding increase in the low energy emission intensity was also observed at high 
concentration. For P-DDB and P-STIL the high energy emission was mainly dominated 
by the oxide since similar changes in the energy and sharpness was not observed. 
Furthermore, the high energy emission peak for P-STIL showed fine structure, which is 
consistent with the oxide emission.
The photophysical properties of the tertiary aromatic diphosphines are summarized in 
Table 3.2, including the Stokes shifts for both emission peaks. Similar to TPP, which was 
reported to exhibit very large Stokes shift (>16,000 cm'^), all diphosphines also exhibit a
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
55
large Stokes shift of the low energy emission band (9000-11000 cm'^) which increase as 
the solvent polarity increases.
Table 3.2 Solvent Effects on the Photophysical Properties of Tertiary Aromatic
Solvent P-DBB a-P-NPD P-STIL
Cyclohexane
Lmax abs. (nm) 301 305 337
High E Lmax em. (nm) 335 338 362
Stokes shift (cm'*) 3,372 3201 2,049
Low E Lmax em. (nm) 477 483 480
Stokes shift (cm'*) 12,258 12,083 8,840
Methylene Chloride
Lmax abs. (nm) 300 305 341
High E A-tnax em. (nm) 355 369 365
Stokes shift (cm'*) 5,164 5,687 1,928
Low E Lmax em. (nm) 513 514 537
Stokes shift (cm *) 13,840 13,331 10,703
Acetonitrile*
Lmax abs. (nm) 299 299 336
High E Xmax em. (nm) 355 355(362) 377 (357)
Stokes shift (cm *) 5,276 5,276(5820) 3,237(1,750)
Low E Xmax em. (nm) 535 537 537
Stokes shift (cm *) 14,753 14,788 11,140
* Data for acetonitrile low concentration are in brackets.
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Figure 3.6 Normalized emission spectra of (a) P-DDP, (b) a-P-NPD, and (c) P-STIL 
in: cyclohexane (short dashed line); acetonitrile-low concentration (dotted line); 
methylene chloride (solid line); and acetonitrile-high concentration (dashed line). Spectra 
in acetonitrile were obtained at a similar concentration as the other solvents (low conc.) 
and at a higher concentration to demonstrate that the oxide species dominates at low 
concentration. The spectra are normalized to the Àmax of emission.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
57
3.4.2c Effect of Solvent on Emission Properties of Tertiary Aromatic Diphosphine 
Oxides P-DDBO, a-P-NPDO, and P-STILO 
The emission spectra for the tertiary aromatic diphosphine oxides in different 
solvents are shown in Figure 3.7. Absorption and emission data are tabulated in Table 
3.3. The photoluminescence from all tertiary aromatic diphosphines (P-NPDO, P-DDBO 
and P-STILO) occurred at higher energy than corresponding non-oxidized diphosphines. 
The emission spectra in all the solvents were narrower, except for P-NPDO in 
acetonitrile, where an additional unresolved emission peak appeared at 379 nm. Unlike 
the dimethyl amino substituted monophosphine oxides reported in Changenet’s study, the 
diphosphine oxides did not exhibit dual emission similar to TPP oxide. This was 
undoubtedly due to the absence of an intramolecular charge transfer process in 
diphosphine oxides reported here, where emission at lower energy of MAP oxide was 
attributed to charge transfer from the amine moiety to P -0 . The origin of the additional 
peaks observed for P-NPDO in acetonitrile is still uncertain.
The diphosphine oxides did not exhibit solvatochromie effect as observed in 
dimethylamino substituted TPPs. Similar to monophosphine oxides, diphosphine oxides 
also showed smaller Stokes shifts than the corresponding diphosphines. The magnitude of 
the Stokes shift for P-STILO (~2800cm‘*) in all solvents was significantly smaller than 
that of for a-P-NPDO (-5600cm-^-5800cm'^) and P-DDBO (4600cm'-4800cm'^), 
indicating a more rigid bridging group like stilbene would provide a higher harrier for 
structural changes in excited state of the molecule.
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Figure 3.8 Normalized emission spectra for (a) P-DDBO, (b) a-P-NPDO, and (c) P- 
STILO in: cyclohexane (dashed line); acetonitrile (dotted line); and methylene chloride
(solid line).
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Table 3.3 Solvent Effects on the Photophysical Properties of Tertiary Aromatic
Solvent P-DBBO a-P-NPDO P-STILO
Cyclohexane
A-max abs. (nm)
I m a i  em. (nm) 309 327 358
Stokes shift (cm'^)
Methylene
Chloride 271 278 327
X m ax  abs. (nm) 312 330 360
em. (nm) 4,849 5,668 2,803
Stokes shift (cm'’)
Acetonitrile*
Aqnax abs. (nm) 271 277 325
A-max em. (nm) 310 330 358
Stokes shift (cm ’) 4,642 5,798 2,836
3.4.2c Concentration effects for P-DDB in methylene chloride 
The photophysical analysis of the phosphines was conducted in different solvents 
without determining actual concentrations. The absorption spectra were obtained when 
the magnitude of absorption at Xtnax is less than 1 or 2 absorption units. Therefore, 
pursuing concentration effect on photophysical properties of tertiary aryl diphosphines, 
emission spectra were obtained for P-DDB at different concentrations; 1.92*10'^M and 
10‘^ M in methylenechloride. The emission spectra for 2 occasions are shown in figure 
3.8. At lO'^M, two peaks were observed and the higher energy peak at 336nm was intense 
and the lower energy broad peak was not significant. At 1.92* 10“^ M the emission spectra 
consisted with a low energy broad band and a less intense higher energy peak at 350nm. 
The intensity of the emission spectrum obtained at the higher concentration was 
dramatically smaller compared with the emission curve at low concentration (figure 3.8 
shows 25 times enhanced spectra of P-DDB at lO'^M). Generally emission intensity of
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phosphine oxides is higher than free phosphine emission intensity/ Therefore, similar to 
Changenet’s study, where the concentration of MAP was reduced by 100 fold (at 10'  ^M) 
the emission from MAP was predominant, at 10'  ^ M P-DDB also exhibited dominant 
emission from the oxide. This observation confirmed that, at high concentrations the 
phosphine and the oxide co-exist and when the concentration is low the emission from 
the oxide is predominant. The A^ ax of the blue shifted emission band observed in low 
concentrated spectrum was 336nm which is lower than the emission wave length of P- 
DDB in methylene chloride (355 nm) and also higher than the emission maximum of the 
diphosphine oxide (312 nm). Therefore, this peak may attribute to emission from 
monophosphine oxide rather than the free phosphine or the fully oxidized phosphine.
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Figure 3.8 Emission spectra of P-DDB in methylene chloride at different 
concentrations (a) lO'^M (b) 1.92xlO'^M (x25)
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3.4.3 Photophysical properties of a-P-NPD and P-DDB in Solid State as thin film 
3.4.3a Absorption Study of a-P-NPD and P-DDB Solid-State Films 
The solid state photophysical behavior of phosphines is rarely found in the literature. 
Therefore the solid state properties of P-NPD and P-DDB were examined as thin films 
grown on quartz slides. A comparison of absorption and emission spectra of P-NPD and 
P-DDB thin films freshly prepared and after a 3.5 month period was performed and 
presented in figure 3.9 (absorption spectra) and figure 3.10 (emission spectra). The 
absorption and emission peaks and the Stokes shift in solid state for P-NPD, P-DDB and 
P-STIL ( from Padmaperuma’s study) are tabulated in Table 3.4.
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Figure 3.9 A comparison of changes in absorption spectra of (a) P-DDB and (b)a-P- 
NPD as freshly prepared and 3.5 months aged thin films
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Table 3.4 Solid State Thin Film Photophysical Properties
Sample Abs. X.max 
(nm)
Em. A-jnax 
_  (nm)
Stokes Shift 
(cm' )^
P-DDB
Fresh Film 274,302 458,357 11,279
Aged Film 274 445 14,024
a-P-NPD
Fresh Film 310 485,441" 11,425
Aged Film 280 452 13,590
P-STIL
Fresh Film ^ 332 476 9,112
S: shoulder
The solid state absorption band of a-P-NPD was appeared at 310nm, slightly red 
shifted when compared to the solution absorption. The thin film absorption band of P- 
DDB was broad and it appeared to be an overlapping of two peaks at 302nm and 274 nm, 
which indicates the presence of oxide absorption (at 271 nm in methylenechloride). The 
absorption spectra obtained after 3.5 month from the preparation were dramatically 
shifted to higher energy in both the compounds. The Xmax for absorption of aged a-P-NPD 
and P-DDB are 280nm and 274 nm respectively. These values concur with the absorption 
of peaks of a-PO-NPD and PO-DDB in methylene chloride. Therefore the absorption 
spectra indicate the solid films of TAP are partially or completely oxidized. Although 
thin films were stored in a desiccator, they were exposed to air as well as light and thus 
prone to oxidation. Therefore, this comparison indicates the stability of phosphines is not 
endured even as the solid.
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3.4.2b Emission Study of a-P-NPD and P-DDB Solid-State Films 
The solid state emission spectra of a-P-NPD and P-DDB are depicted in Figure 3.10. 
Both TAPs show red shifted broad emission bands that are similar to the solid state thin 
film emission from P-STIL in Padmaperuma’s study.
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Figure 3.10 A comparison of changes in absorption and emission of solid state films 
after aging 3.5 months for (a)P-DDB and (b)a-P-NPD.
The solid state also exhibited dual emission which is obvious for P-DDB. The solid 
state emission from P-DDB occurred at 458nm. A small peak with a low intensity was 
also at 357nm. The aged emission spectrum of P-DDB was blue shifted to 447nm. The 
intensity of the small peak appeared at 357nm and did not exhibite significant difference. 
The a-P-NPD emission band exhibited a shoulder at 441nm in addition to the major 
emission peak at 485nm. The emission curve for aged a-P-NPD was significantly less in 
intensity; incorporate with a small blue shift. The absorption spectrum of both P-DDB 
and a-P-NPD represents fully or partially oxidized form (figure 3.9). Therefore it is not 
obvious whether the aged thin film emission spectra of TAPs represent the emission from 
phosphine or solely from phosphine oxide. The significant feature of solid state emission
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of a-P-NPD, P-DDB and P-STIL was the absence of higher energy emission band. Broad 
emission peak of solid state film of TAPs were shifted to higher energy compared to 
solution.
3.5 Discussion
The tertiary aromatic diphosphines exhibited many similarities in their photo 
physical properties to monophosphines, TPP and the dimethylamino-substituted 
derivatives (MAP, DAP and TAP) in regards to emission energies, solvent dependence of 
absorption and emission and concentration effects. All TAPs gave rise to a weak 
emission at lower energy (~450-550nm), where the energy of this emission band did not 
vary much between monophosphines versus diphosphines, nor by replacing the stilbene 
bridge in P-STIL with a biphenyl bridge giving P-DDB and a-P-NPD, suggesting a 
similar origin of this emission for all TAPs.
Previous studies of MAP suggested that this low energy emission resulted from a 
twisted charge transfer excited state resulting from electron donation by the 
dimethylamino group. However, the studies by Changenet stated that the more likely 
origin was a different configuration in the excited state, more similar to what was 
described for TPP.
All “substituted” TPP derivatives, whether a monophosphine (MAP, etc,.) or 
diphosphine (P-DDB, a-P-NPD, or P-STIL) also exhibited emission at higher energy, 
where a more narrow emission peak was observed at ~330-360nm. This dual emission 
was previously reported for MAP, but the authors could not conclusively explain the 
origin, but speculated that high energy and low energy emission peaks arise from at least
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two different configurations of the molecule in the excited state with varying degrees of 
interactions of the lone pair electrons on phosphorous with the aromatic moieties. This 
configurational change was shown to be very fast for TPP, based on lifetime studies. It 
was proposed that upon excitation of the n-ir* transition the TPP pyramid may open to 
accommodate the electron delocalizaton from the phosphine atom to the aromatic rings 
and convert to a lower energy planar geometry.
Changenet suggested that there was likely a very strong coupling between these 
states, where opening of the TPP pyramid was a barrierless process, so only emission 
from the low energy planar state was observed. A possible mechanism is depicted in 
figure 3.11.
Twisted
■ S i
Planar
Figure 3.11 Possible mechanism leading to low energy emission from a more planar
excited state configuration in TPP.
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In the case of MAP, and the tertiary aromatic diphosphines studied here, based on 
electronic factors the opening of the pyramidal structure about P upon excitation is also 
favorable. However, both MAP and the diphosphine structures are more complicated by 
additional substituent groups, creating some steric hindrance, but also the possibility for 
many different conformations. Therefore, a possible explanation for the dual emission 
from these materials is that there exists a barrier for pyramidal flipping about the P-atom. 
As a result of this energy barrier, excited state configurations may be weakly coupled and 
the configurational changes slow enough to observe emission from more than one 
conformational state. This possible mechanism of dual emission from tertiary aromatic 
diphosphines is shown in Figure 3.12.
Figure 3.12 Possible mechanism leading dual emission in TAPs
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The electron delocalization through P atom leading to a planar conformation is likely 
localized to only one of the phosphine atoms in the diphosphines. This was evident from 
the lack of electronic communication between the two P-atoms in the diphosphines based 
on the fact that there was a very little change in the energy of emission of diphosphines as 
a function of bridging group.
The solid state properties are more complicated than the solution excited state 
properties. The molecules may have many different configurations in ground state that 
are locked in to solid state upon vapor deposition. Therefore, the emission may result 
from more than one different conformation in the excited state which is unable to change 
the configuration as a result of structural rigidity. Photophysical characterization of TAPs 
were further complicated because consistent with Changenet’s studies, all diphosphines 
studied here contained mixture of the oxidized and non-oxidized material, even after 
careful deoxygenation of the sample solutions. This was confirmed by the concentration 
studies and comparison with the pure oxides. The above arguments for dual emission 
from different excited state configurations for the diphosphines discussed in this thesis 
are valid, because although the oxide emission overlapped with the non-oxidized 
emission at high energy, the oxide emission was narrower and blue shifted, and thus 
could be differentiated through concentration studies.
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CHAPTER 4 
CONCLUSIONS
The purpose of this thesis was to synthesize the phosphorus containing analogues of 
the well-studied HTL materials a-NFD and DDE with the goal of producing new HTL 
materials with higher energy of emission and absorbance that can be exploited for host 
materials in blue dye-doped OLEDs. These expectations were based on the results from 
Padmapemma’s study comparing (diphenylamino) and (diphenyl phosphino)-E-stilbene 
(N-STIL and P-STIL) compounds and model dendrimers, where P-substitution was 
reported to cause large blue shifts of the absorption and emission energies.
The synthesis of the P-DDB and a-P-NPD were successfully carried out via a lithium 
halogen exchange reaction between the diphenylchlorophosphine or a- 
naphthylphenylchlorophosphine, respectively with dilithiobiphenylbromide in THE under 
low temperature controlled reaction conditions. Relatively pure materials as measured by 
elemental analysis, *^P NMR, and M/S DIP were obtained after chromatography workup. 
However, the crystalline materials and vapor deposited solid state films were unstable to 
slow oxidation even after storage in glass vials topped with Ar and placed in a dessicator. 
Better stability might be achieved in the solid state by storing in amber bottles to exclude 
light.
70
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The absorption and emission properties of P-DDB and a-P-NPD were evaluated in 
different solvents and in solid state films. These results were compared to the P-STIL 
previously studied. Careful consideration of the literature, specifically studies of the 
photophysical properties of triphenylphosphine (TTP) and its derivatives reported by 
Changent revealed complicated photophysical properties of triaryl monophosphines 
including contributions from oxidized species and dual emission at both high and low 
energies. Therefore, the oxides P-DDBO, a-P-NPDO, and P-STILO were also prepared 
in order to access whether similar contributions were observed in the diphosphine series 
studied in this thesis. In that regard, réévaluation of the absorption and emission 
properties of P-STIL in carefully deoxygenated solution revealed that previous reports 
were representative of the oxide and not the non-oxidized diphosphine. The complete or 
partial conversion of P-STIL to its oxide was influenced by two factors. 1) non-degassed 
solvents, 2) time spent prior to analysis. The gradual oxidation of the crystalline sample 
of P-STIL obtained from Prof. C.W. Spangler over 2.5 years prior to these studies, was 
confirmed recently by ^'P NMR which showed an additional peak at 29.06 ppm 
corresponding to P=0. These results for the réévaluation of P-STIL photophysical 
properties are important because the energy shifts of absorption and emission between 
tertiary aro matic diamines and their corresponding diphosphines are not nearly as large 
as previously reported. In fact, P-STIL exhibited a long wavelength emission (-539 nm) 
and large Stokes shifts similar to that observed for TPP, which was attributed to a 
geometry change to a more planar and more conjugated configuration in the excited state. 
These results explain the discrepancy reported by Padmaperuma, et al between the high 
energy emission of P-STIL in solution corresponding to the oxide and the low energy
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emission in the vapor deposited film most likely due to an intermediate configuration 
about the phosphorus atom in the solid state.
The extensive photophysical studies of novel a-P-NPD, P-DDB and the réévaluation 
of photophysics of P-STIL conducted in this thesis revealed that diphosphines exhibited 
dual emission; where the broad lower energy emission band was similar to substituted 
and unsubstituted monophosphines reported in Changenet’s study. Furthermore, the blue 
shifted narrow emission band was similar to substituted monophosphines. The solution 
photophysics of diphosphines had contribution from corresponding oxide and the 
situation was more significant especially in low solute concentrations. Even the solid 
state material, as crystalline or thin film was gradually oxidizing over the time. The main 
objective of this thesis work was to synthesize and evaluate the validity of diphosphines 
(a-P-NPD and P-DDB) as potential host materials in blue dye-doped OLEDs. However, 
after this all-embracing study on photophysical properties, the reliability of diphosphines 
for OLED applications was found to be limited due to the unusual dual emission 
characteristics and the chemical instability. Nonetheless, this study revealed certain 
important photophysical characteristics of diphosphines, which were consistent with 
previously reported photophysical properties of monophosphines.
A secondary objective of this thesis was to establish a comparison between 
diphosphines containing the stilbene bridging group and the biphenyl bridging group. 
They exhibited similar photophysical characteristics. All diphosphines showed unusual 
stokes shifts similar to monophosphines, confirming structural changes were possible for 
diphosphines also upon excitation. However the magnitude of shifts for P-NPD and P- 
DDB were higher than the shift for P-STIL. This observation suggested fast and
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favorable structural changes in the excited state molecule of TPP (where the Stokes shift 
was the highest) are obvious, while in diphosphines, because of the restrictions from 
complicated diphosphine structure, structural changes in the excited state molecules are 
not as fast as in TPP. The stilbene bridging group in P-STIL is more rigid and prevents 
twisting around and hence the structural changes are less favorable than P-NPD and P- 
DDB suggesting lower stokes shift for P-STIL. Therefore a proper controlling of 
phosphine structure may shift fluorescence spectra of tertiary aryl diphosphine to a higher 
energy. More rigid spacer group like phenyl or naphthyl may promote a high barrier of 
establishment of planar excited state.
a-NPD is a chiral molecule and hence the product obtained was a mixture of stero 
isomers(figure 4.1). This was evident from the thermal analysis of P-NPD which showed 
overlapped melting peak in the DSC due to different diasteriomers. The isolation of chiral 
isomers was not attempted in this research work. However it should be to prepare 
enantiomerically pure P-NPD via an asymmetric synthesis protocol as shown in chapter
2 .
Enantiomers
MESO
Figure 4.1 Stereo isomers of a-NPD
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The utility of phosphines for OLED applications as a blue emitter is not viable due to 
the chemical instability and the unusual dual emission characteristics as discussed earlier. 
However, a comparison of tertiary aryl diphosphines and their oxides revealed some 
interesting photophysical characteristics of oxides. These phosphine oxides showed 
higher energy emission in solution, which is ideal for a candidate as a host material in 
blue emitting dye doped OLEDs. Oxides are more chemically stable. The fluorescence 
intensity of phosphines oxides is significantly higher than their phosphine counterparts. 
Generally high PL intensity results in appreciable EL efficiencies in OLED. If these aryl 
diphosphine oxides are capable of charge transporting and compatible with injection 
layer of devices, these molecules can be used as host materials for blue emitting OLEDs. 
Therefore it is imperative to conduct a systematic study to investigate the applicability of 
phosphine oxides as a host material in dye doped OLEDs. Most probably phosphine 
oxides may be suitable for an electron transport material, due to the absence of P lone 
pair electrons. Nonetheless, as a future study, the exploration of solid state photophysical 
and electronic properties of phosphine oxides will be an important study in OLED 
technology.
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Figure A-1 NMR of P-DDB (in CDCI3)
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Figure A-2 ^^ P NMR of oP-NPD (in CDCI3)
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